The cancer chemo-preventive effects of equol have been demonstrated for a wide variety of experimental tumours. In a previous study, we found that equol inhibited proliferation and induced apoptotic death of human gastric cancer MGC-803 cells. However, the mechanisms underlying equol-mediated apoptosis have not been well understood. In the present study, the dual AO (acridine orange)/EB (ethidium bromide) fluorescent assay, the comet assay, MTS, western blotting and flow cytometric assays were performed to further investigate the pro-apoptotic effect of equol and its associated mechanisms in MGC-803 cells. The results demonstrated that equol induced an apoptotic nuclear morphology revealed by AO/EB staining, the presence of a comet tail, the cleavage of caspase-3 and PARP and the depletion of cIAP1, indicating its pro-apoptotic effect. In addition, equol-induced apoptosis involves the mitochondria-dependent cell-death pathway, evidenced by the depolarization of the mitochondrial membrane potential, the cleavage of caspase-9 and the depletion of Bcl-xL and full-length Bid. Moreover, treating MGC-803 cells with equol induced the sustained activation of extracellular signal-regulated kinase (ERK), and inhibiting ERK by U0126, a MEK/ERK pathway inhibitor, significantly attenuated the equol-induced cell apoptosis. These results suggest that equol induces mitochondria-dependent apoptosis in human gastric cancer MGC-803 cells via the sustained activation of the ERK1/2 pathway. Therefore, equol may be a novel candidate for the chemoprevention and therapy of gastric cancer. 
INTRODUCTION
Gastric cancer, one of the most common types of cancer and a leading cause of cancer-related deaths worldwide, is a serious threat to human health (Hartgrink et al., 2009 ). Therefore, developing an effective treatment with minor side effects for gastric cancer is greatly important.
It is encouraging that cancer chemoprevention has received increasing attention in recent years, and the realization that many dietary components possess cancer chemo-preventive activity is particularly significant (Kelloff et al., 2000) . It has been suggested that a high rate of consumption of fresh vegetables, fruits, and soy products is associated with a decreased risk of gastric cancer (Hoshiyama and Sasaba, 1992; Kim et al., 2002; Wu et al., 2000) . The isoflavones such as genistein and daidzein, which are found in fruits, soybeans and soy-based products, have been widely studied due to the anti-tumour activities they exert against gastric carcinoma. Equol is a bioactive metabolite of daidzein that is produced by gut bacteria. Recently, several reports have suggested that equol has the greatest level of bioactivity among all of the isoflavones that have evaluated in vitro (Hwang et al., 2003; Rufer and Kulling, 2006) . However, its anti-tumour effect on gastric carcinoma is not as well understood as that of its precursor daidzein. An epidemiologic study (Ko et al., 2010) found that a higher concentration of equol was associated with a decreased risk of gastric cancer. In our previous in vitro study (Yang et al., 2015) , we found that equol induced the cleavage of PARP and caspase-3 in gastric cancer MGC-803 cells, which suggested that the anti-cancer effect of equol on MGC-803 cells might be exerted through its apoptosisinducing ability. However, the details of the mechanisms that equol induces cell apoptosis have not yet been fully elucidated. The aim of the present study was to elucidate whether death receptor-and/or mitochondria-mediated signalling pathways are involved in equol-induced apoptosis and the underlying mechanisms in human gastric cancer cells. 
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Bcl-xL and caspase-8 were obtained from Cell Signaling Technology (USA). Rabbit monoclonal antibodies specific to GAPDH, Bcl-2, Bak1, cIAP1, ERK, JNK and P-38 and all of the secondary antibodies were purchased from Santa Cruz Biotechnology (USA). The CellTiter 96® Aqueous One Solution Cell Proliferation Assay Kit (MTS) was purchased from Promega (USA). The JC-1-based mitochondrial membranepotential assay kit was obtained from Beyotime (China). The Annexin V/PI apoptosis kit was obtained from BD Biosciences (USA) and the Cell Cycle Staining Kit was purchased from MultiScience Biotech (China).
Cell culture and treatment
The MGC-803 human gastric cancer cell line (Cell Bank of the Chinese Academy of Sciences, China) was maintained and subcultured at 37°C in RPMI 1640 medium supplemented with 10% FBS, 1% penicillin/streptomycin stock and 2% Lglutamine in a humidified atmosphere of 95% O 2 and 5% CO 2 .
For the experiments, the concentration of FBS in the treatment medium was reduced to 2%. The equol stock solutions were prepared by dissolving equol in DMSO, and the final concentration of the DMSO vehicle in the treatment medium was 0.1%.
Dual AO/EB fluorescent staining
The apoptotic morphology of the cells was determined by dual AO/EB fluorescent staining. Briefly, MGC-803 cells that were treated for 48 h with 20 μM equol or the vehicle were harvested and were re-suspended in PBS to a concentration of 1 × 10 6 cells/ml. To prepare a slide, 1 μl of AO/EB (100 mg/ml) staining solution was mixed with 25 μl of a cell suspension on a clean glass slide, and the cells were then covered with a coverslip. The slide was immediately viewed using fluorescence microscopy (IX70, SIF2 Olympus). In the analysis, the cells with nuclei that were uniformly green, green with bright dots and orange with obvious condensation were identified as healthy, early apoptotic and late apoptotic cells, respectively.
Comet assay
DNA fragmentation associated with apoptosis was determined by comet assay. MGC-803 cells were treated with the vehicle. or with 20 μ equol for 48 h. The treated cells were then co Μ l- The levels of proteins associated with apoptosis and caspase cleavage were determined by western blotting using specific antibodies: (A) Cells were treated with 20 μM equol for 12, 24 and 48 h; (B) Cells were treated with equol at various concentrations for 24 h. GAPDH was utilized as the loading control. (C) Cells treated with the vehicle or 20 μM equol were harvested, and their mitochondrial membrane potentials were analysed according to JC-1 staining using flow cytometry (*P < 0.05; **P < 0.01, ***P < 0.001 vs control).
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lected and were diluted with PBS to 5 × 10 5 cells/ml. To prepare the slides, a mixture of 10 μl of a cell suspension and 90 μl of 0.8% low temperature melting agarose was pipetted onto frosted slides that had been precoated with a layer of 100 μl 1% normal temperature melting agarose. After gelling, the coverslip was gently removed from each slide. The slides were then placed in a lysis solution (2 M NaCl, 30 mM Na 2 EDTA, 10 mM Tris, 1% N-lauroylsarcosine sodium salt, pH 8.2-8.5, supplemented with 10% DMSO and 1% Triton X-100) at 4°C for 1 h, and then were incubated in fresh alkaline buffer for 30 min at room temperature to allow the DNA to unwind. After electrophoresis in ice-cold alkaline electrophoresis buffer, the slides were stained with an EB solution (20 μg/ml) and were then examined using a fluorescence microscope (IX70, SIF2 Olympus).
Annexin V/PI apoptosis assay
Cells were seeded into 60-mm plates and treated with different doses of equol for desired period. The negative control cells were treated with DMSO under similar conditions. At the end of incubation, the cells were harvested and stained with Annexin-V and PI as described in the instructions for use of the Annexin V/PI apoptosis kit. The samples were analysed using flow cytometry as previously described (Yang et al., 2015) .
Mitochondrial membrane potential (MMP) assay
A mitochondrial membrane potential assay kit (containing JC-1) was used according to the manufacturer's protocol to detect changes in the MMP of cells. Briefly, MGC-803 cells were seeded into 6-well plates and treated with the vehicle or 20 μ equol for 48 h. Then the treated Μ cells were harvested and resuspended in 0.5 ml of RPMI1640 medium supplemented with 10% FBS, after which they were stained with 0.5 ml JC-1 (1 ×) for 20 min at 37°C. After being rinsed, the cells were resuspended in 0.5 ml of buffer and were analysed using flow cytometry (BD FACSCalibur, USA).
Cell cycle assay
The treated cells (1 × 10 6 ) were harvested and fixed in ice-cold 70% ethanol at 4°C for 2 h. Then, the cells were resuspended with PBS and stained with propidium iodide for 30 min in the dark at 37°C, utilizing a Cell Cycle Staining Kit. Cell cycle analysis was performed using a FACScan flow cytometer (BD FACSCalibur), as previously described (Yang et al., 2015) . Cell viability assay MGC-803 cell viability was examined using the MTS assay, utilizing the CellTiter 96 Aqueous One Solution. Briefly, cells were seeded into 96-well plates (4 × 10 3 cells/well) and pretreated with 10 μM U0126 for 1 h, after which equol was added to the media with or without the inhibitor. After 48 h of incubation, the MTS reagent was added. Detailed information regarding the MTS assay was provided in our previous report (Yang et al., 2015) .
Western blotting analysis
The cells were seeded into 60-mm plates and treated with equol for the desired period. The treated cells were lysed on ice using RIPA Lysing Buffer, and then the total protein concentration was quantified utilizing a BCA protein assay kit. Equal amounts of proteins (20-80 μg/lane) were separated on 8-12% SDS-PAGE gels and electrotransferred to PVDF membranes. The subsequent steps involved in western blotting analysis were conducted as described previously (Yang et al., 2015) .
Statistical analysis
The statistical analyses were conducted utilizing SPSS 17.0 software. All of the values are expressed as the mean values ± S.E. Significant differences between two groups were determined using Student's t test, and in cases with more than two treatment groups analysed, one-way analysis of variance (ANOVA) followed by Turkey's post hoc test was performed, with a 0.05 significance level. Each experiment was repeated at least three times.
RESULTS

Equol induces apoptotic cell death in MGC-803 cells
To determine whether equol could induce apoptosis, alterations in the nuclear morphology of equol-treated MGC-803 cells were studied. The AO/EB double staining results (Figs. 1A and 2B) demonstrated that cells treated with 20 μM equol for 48 h were undergoing both early apoptosis (exhibiting green nuclei containing bright green dots) and late apoptosis (exhibiting orange nuclei with obvious condensation). However, most of the control cells that had been treated with 0.1% DMSO were identified as healthy (exhibiting nuclei stained uniformly green), and very few apoptotic cells were observed among them. Therefore, we concluded that equol induces apoptosis in MGC-803 cells.
To evaluate the pro-apoptotic effect of equol on MGC-803 cells, the degree of equol-induced DNA damage was determined by the comet assay. The results demonstrated that equol induced DNA damage, as indicated by the presence of a DNA-containing comet tail, whereas the control cells did not exhibit a comet tail (Figs. 1C and 1D) . These results showed that equol induced DNA damage in MGC-803 cells, which might activate the apoptotic pathway.
Moreover, the quantification of equol-induced apoptotic cells was determined by Annexin V/PI apoptosis assay. As shown in Fig. 1E , after 24 h incubation, equol dose-dependently induced MGC-803 cells apoptosis. The percentages of apoptotic cells, including the early and late apoptotic cells, were 1.06%, 2.18%, 5.87%, and 15.19% in response to control, 5, 10, and 20 μmol/L of equol treatment, respectively.
Equol induces apoptosis via the mitochondria-mediated pathway
To determine whether equol-induced apoptosis is mediated through the intrinsic mitochondria-dependent pathway or the extrinsic death receptor-dependent pathway, the cleavage of caspase-3/9/8 and PARP in treated cells was evaluated using western blotting. As shown in Figs. 2A and 2B , equol significantly induced the cleavage of caspase-3/9 and subsequently increased the level of cleaved PARP, without affecting the level of caspase-8 (no cleavage was observed), which indicated the involvement of the mitochondria-mediated apoptotic pathway rather than extrinsic death receptor-mediated apoptotic pathway ( Figs. 2A and 2B) .
To further investigate whether equol-induced apoptosis involves the mitochondria-dependent pathway, JC-1, a cationic fluorescent dye, was used to determine the mitochondrial membrane potential of cells. As shown in Fig. 2C , equol treatment significantly elevated the level of green fluorescence to 16.45%, compared with the level of 3.12% in the vehicletreated control cells (P < 0.05). However, the intensity of red fluorescence was decreased after equol treatment. These results demonstrated that equol effectively induced the depolarization of the mitochondrial membrane potential and that equolinduced apoptosis involves the mitochondria-mediated pathway.
Effects of equol on the proteins involved in mitochondriamediated apoptosis
Furthermore, we investigated the effect of equol on the levels of proteins involved in mitochondria-mediated apoptosis, including those of pro-apoptotic proteins (Bax, Bak1, Bid) and antiapoptotic proteins (Bcl-2, Bcl-xL), using Western blotting assay. As shown in Fig. 2A , equol treatment dramatically decreased the expression of Bcl-xL. However, there was no significant change in the Bcl-2 level in equol-treated MGC-803 cells. In addition, equol treatment did not affect the levels of Bax and Bak1. Moreover, equol-induced cell apoptosis was accompanied by the depletion of full-length Bid, which indicated its cleavage. Our study also demonstrated that equol treatment decreased the level of cIAP1, an inhibitor of pro-apoptotic proteins, which further supported the apoptosis-promoting effect of equol.
Equol induces cell apoptosis through the sustained activation of the ERK1/2 pathway MAPK-signalling cascades have been shown to play an important role in apoptosis induced by chemotherapeutic drugs (Miyoshi et al., 2004; Remacle-Bonnet et al., 2000) . We therefore determined the activation levels of JNK, ERK and p38 in cells treated with equol. As shown in Fig. 3 , the phosphorylation level of ERK in response to equol treatment was apparently elevated compared with that of the vehicle-treated control. However, equol treatment did not affect the phosphorylation levels of p38 and JNK at all time points examined. These results indicate that sustained ERK activation might be involved in the equol-induced apoptosis of MGC-803 cells .
To define the role of ERK1/2 in equol-induced cell-growth inhibition and apoptosis, MGC-803 cells were pretreated with the ERK1/2 inhibitor U0126 (10 μM) for 1 h. As shown in Fig. 4 , the results of the Annexin V/PI apoptotic assay showed that U0126 treatment alone did not change the percentages of apoptotic cells significantly. Treatment with equol at a concentration of 20 μM for 36 h resulted in 18% apoptotic cells. However, only 5% of the cells were apoptotic when equol (20 μM) was coadministered with U0126 (10 μM). We next evaluated whether U0126 reversed the equol-induced ERK1/2 activation and PARP cleavage, and we found that the levels of phosphorylated ERK1/2 and cleaved PARP were significantly decreased when equol was administered in combination with U0126 (Fig. 5) . Furthermore, we observed that the equol-induced depletion of Fig. 3 . Effect of equol on MAPK activation. Cells were treated with the vehicle or 20 μM of equol for 12, 24 and 48 h. The levels of phosphorylated and total ERK1/2, JNK1/2 and p38 were determined by Western blotting using specific antibodies (*P< 0.05, **P < 0.01, ***P < 0.001 vs control). Fig. 4 . Effect of ERK inhibition on equol-induced cell apoptosis. MGC-803 cells were pretreated with 10 μM U0126 for 1 h prior to treatment with 20 μM equol for 36 h, and the content of apoptotic cells was evaluated using flow cytometry (**P < 0.01 vs control).
Bcl-xL was partially reversed when equol was coadministered with U0126 (Fig. 5) .
The results of our previous study (Yang et al., 2015) demonstrated that equol treatment effectively reduced the viability of MGC-803 cells and triggered cell cycle arrest at the G0/G1 phase. To assess whether these effects are mediated by ERK1/2 activation, we next performed MTS and cell-cycle assays. As shown in Fig. 6B , blocking the activation of ERK1/2 with its inhibitor U0126 resulted in an increased level of cell viability (43%) compared with that of cells treated with only equol (33%) (P < 0.05), which indicated that U0126 partially reversed the equol-induced reduction in cell viability. However, we observed that U0126 did not prevent but enhanced the level of equol-induced G0/G1 cell cycle arrest, with 54% and 61% when equol was alone or administered in combination with U0126, respectively (Fig. 6A) , which indicated that the equolinduced sustained activation of ERK1/2 was not involved in the induction of G1 phase cell cycle arrest.
DISCUSSION
In this study, we demonstrated for the first time that equol, a Apoptotic Effect of Equol on Human Gastric Carcinoma Cells Zhiping Yang et al.
http://molcells.org Mol. Cells 747 Fig. 5 . Inhibition of ERK phosphorylation and its effect on PARP cleavage and Bcl-xL expression. Cells were pretreated with 10 μM U0126 for 1 h prior to treatment with 20 μM equol for 48 h. The levels of phosphorylated ERK, total ERK, cleaved-PARP and Bcl-xL were determined using Western blotting (**P < 0.01, ***P < 0.001 vs control).
Fig. 6. Effect of ERK inhibition on
ameliorating the equol-induced G0/G1 phase arrest and reduction in cell viability. MGC-803 cells were pretreated with 10 μM U0126 for 1 h prior to treatment with 20 μM equol. (A) After 24 h, the cell cycle distribution was examined using flow cytometry; (B) After 48 h, the cell viability was determined using the MTS assay (*P < 0.05, **P < 0.01, ***P < 0.001 vs control).
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metabolite of the isoflavone daidzein, induces the apoptotic death of human gastric cancer MGC-803 cells via the mitochondria-dependent pathway, which was evidenced by the equol-mediated cleavage of caspase-9 and depolarization of the mitochondrial membrane potential. Furthermore, equoltriggered apoptosis is regulated by apoptosis-related proteins, such as Bcl-xL, Bid and cIAP1. Our study also clearly demonstrated that the sustained activation of ERK1/2 induced by equol is involved in its induction of mitochondria-dependent apoptotic death. Apoptosis, a fundamental process essential for normal development and the maintenance of tissue homeostasis, plays a critical role in the elimination of cancer cells (Li et al., 2010) . Thus, targeting signalling intermediates in apoptosis-inducing pathways is an effective strategy for cancer prevention and therapy (Sun et al., 2004) . Several hallmarks of apoptosis, such as significant increase in cells exhibiting comet tails and cells with AO/EB-or Annexin V/PI -positive, were observed among gastric cancer MGC-803 cells after they were treated with equol. These results clearly demonstrated that equol treatment promoted the apoptotic death of MGC-803 cells. In addition, equol treatment resulted in a significantly decreased level of cIAP1, a member of the IAP family of proteins that exert their antiapoptotic activity by inhibiting caspase-3 and caspase-9 activation (Choi et al., 2009; Kulathila et al., 2009) , supporting the apoptosis-promoting activity of equol. In general, apoptosis is mediated through two major pathways, the extrinsic and intrin- (Sun et al., 2004) . The extrinsic pathway is triggered at the plasma membrane by the activation of the death receptor, which leads to the cleavage of caspase-8, whereas the intrinsic pathway is triggered by various apoptotic stress signals and is characterized by mitochondrial dysfunction and the cleavage of caspase-3 and -9. The results of our study supported the conclusion that equol induced MGC-803 cell apoptosis through activation of the intrinsic pathway rather than the extrinsic pathway, as shown by the depolarization of the mitochondrial membrane potential and increase in the levels of cleaved caspases-3 and -9, without a change in the level of cleaved caspase-8, in equol-treated cells (Fig. 7) . Furthermore, our results demonstrated that equol treatment decreased the level of Bcl-xL, an anti-apoptotic protein associated with mitochondria-mediated apoptosis, which further verified the involvement of mitochondrial-mediated apoptosis upon equol treatment. In addition, we also found that equol decreased the level of Bid, another protein that plays a vital role in the mitochondrial-mediated pathways, which in contrast, exerts proapoptotic effect. In general, full-length Bid is a relatively poor inducer of cytochrome-c release, whereas the c-terminal portion of Bid (tBid) that is generated upon its cleavage is very potent in this regard. In our study, equol-induced cell death was accompanied by the depletion of full-length Bid, which indicated that equol induced the cleavage of Bid. It has been reported that Bid is cleaved upon caspase-8 activation in response to multiple death-inducing stimuli of the extrinsic apoptotic pathway. However, in other cases, Bid cleavage is catalysed by caspase-3 as a consequence of cytochrome-c release and participates in a feedback loop that amplifies the death signal (Slee et al., 2000) . In the present study, equol induced Bid depletion and caspase-3 cleavage without altering the caspase-8 level, thus favouring Bid cleavage via caspase-3 rather than caspase-8 (Fig. 7) .
The MAPKs comprise a family of serine/threonine protein kinases that are involved in many cellular processes, including proliferation, differentiation, cellular stress responses, and apoptosis (Pearson et al., 2001) . Activation of the members of a major MAPK subfamily (JNK, P38, and ERK1/2) has been implicated in the activities of numerous chemotherapeutic and genotoxic drugs. In this study, we found that JNK and P38 were slightly phosphorylated in control MGC-803 cells and that equol treatment did not affect their levels of phosphorylation. However, there was a dramatic increase in the level of phosphorylated ERK in equol-treated cells compared with that of vehicletreated control cells. ERK activation has been shown to stimulate cellular proliferation (Xia et al., 1995) . However, increasing evidence suggests that the activation of ERK promotes cell cycle arrest and apoptosis (Elder et al., 2002; Galve-Roperh et al., 2000; Pumiglia and Decker, 1997; Stanciu et al., 2000) . Thus, the ERK pathway, once activated, can exert either proapoptotic or anti-apoptotic effects, depending upon the stimuli to which the cells are responding and the cell type (Elder et al., 2002) . In general, transient ERK activation leads to cell proliferation, whereas sustained ERK activation is associated with apoptosis (Hsu et al., 2005; Zhu et al., 2004) . In this study, we found that equol treatment induced sustained ERK activation lasting from 12 h to 48 h and that ERK inhibition by U0126 attenuated equol-induced apoptosis, suggesting that the proapoptotic effects of equol on MGC-803 cells are mediated by the sustained activation of the ERK1/2 signalling pathway. In addition, the sustained activation of ERK has also been reported to be involved in cell cycle arrest (Pumiglia and Decker, 1997; Sarfaraz et al., 2006; Yang et al., 2011; Zhu et al., 2004) . However, in our study, inhibiting ERK activity did not prevent but rather enhanced the G0/G1 phase cell cycle arrest induced by equol treatment, which suggested that the equol-induced sustained activation of ERK1/2 was not involved in the induction of G0/G1 phase cell cycle arrest. This result does not contradict the results of our previous study (Yang et al., 2015) , which suggested that equol induces G0/G1 phase cell cycle arrest via modulating the Akt pathway. Increasing evidence suggests that the sustained activation of ERK affects apoptotic cell death by regulating its downstream targets, including Cox-2, caspase-8, Bax, Bcl-2, and other molecules (DeHaan et al., 2001; Elder et al., 2002; Goillot et al., 1997; Kim et al., 2008) . A lot of studies (DeHaan et al., 2001; Li et al., 2007) have demonstrated that sustained ERK activation induced apoptosis by inhibiting the expression of Bcl-xL. Consistent with those findings, our results demonstrated that equol induced the apoptotic death of MGC-803 cells, accompanied by sustained ERK activation and down-regulation of the Bcl-xL level. Furthermore, inhibiting ERK activity with U0126, a specific MEK/ERKpathway inhibitor, partially rescued the equol-induced apoptosis and Bcl-xL down-regulation, which suggested that the activation of the ERK/Bcl-xL signalling pathway plays a critical role in equol-induced apoptosis of MGC-803 cells (Fig. 7) .
Taken together, these findings indicate that equol induces apoptosis in a mitochondria-dependent manner that might be mediated by the sustained activation of ERK. The present study also demonstrated the involvement of apoptosisassociated proteins and end-point markers of apoptosis, including Bid, Bcl-xL, cIAP1, caspase-3 and PARP, in equol-induced apoptosis. The present findings strongly indicate that equol may be a novel candidate for chemo-preventive and chemotherapeutic treatments aimed at gastric cancer.
